LcrV of
V antigen, or LcrV, of Yersinia pestis is a multifunctional virulence protein that is planned for inclusion in the generation of plague vaccines currently under development (26, 27) . Within the bacterium, LcrV participates in controlling the activation of the Ysc type III secretion system when the bacterium contacts a host cell or is artificially activated by the absence of calcium in the medium (1, 14, 18) . It is itself secreted by Ysc and is detectable on the surfaces of yersiniae incubated at 37 o C to induce the expression of Ysc (7, 15) . It is necessary for formation of the pore in the host cell membrane, through which six protein toxins called effector Yops are injected by the Ysc needle structure (7, 9, 11, 13) . The effector Yops derange cellular signaling from bacterial binding, inactivate Rho GTPases and mitogen-activated protein kinases, and prevent the activation of NF-B (3). Tissue culture cells intoxicated by Yops are unable to mobilize their actin cytoskeletons to engulf the yersiniae due to the synergistic effects of four of the Yops (YopH, -E, and -T and YpkA) (3, 8) . This is thought to be a major antiphagocytic mechanism that the yersiniae use to prevent killing by polymorphonuclear neutrophils (PMNs) and macrophages. In contrast to the effector Yops, LcrV is released into the medium in significant amounts in tissue culture infection experiments; evidently, this release also happens during experimental plague in guinea pigs (23) . Free LcrV can cause the release of the immunosuppressive cytokine interleukin-10 (IL-10) in mice (2, 12) . In tissue culture, LcrV can elicit IL-10 production from monocytes/macrophages in a Toll-like receptor 2 (TLR2) and CD14-dependent manner, and TLR2 Ϫ/Ϫ mice have increased resistance to an O:8 strain of Yersinia enterocolitica, which possesses LcrV, Yop, and Ysc proteins that are highly similar to those of Y. pestis (21, 22) . LcrV also has been demonstrated to inhibit the chemotaxis of PMNs into sponges, both in vitro and in vivo (30) .
LcrV is a potent protective antigen by both active and passive immunization and protects against both bubonic and pneumonic forms of plague (26, 27) . However, it is not yet known how the protection is mediated. Given the multiple activities of LcrV, several mechanisms could be envisaged. Antibody against LcrV could opsonize the bacteria for phagocytosis; it could block delivery of Yops, thereby negating a major antiphagocytic effect and indirectly promoting phagocytosis; it could neutralize LcrV's ability to elicit IL-10 production; and it could neutralize the antichemotactic effect of LcrV. Previous studies showed that anti-LcrV antibody can promote phagocytosis by macrophage-like J774 cells and prevent downstream effects of Yop-deranged signaling (29) . Protective antiLcrV antibodies also were shown to decrease Yop-dependent cellular rounding due to the loss of actin microfilament function in infected HeLa cells (15) . Our lab recently demonstrated that one mechanism whereby anti-LcrV antibody protects mice against systemic plague is independent of IL-10 (16). We hypothesized that antibody acted to inhibit the delivery of Yops. Consistent with this idea, anti-LcrV antibody was not able to enhance the clearance of a Y. pestis multiple-Yop mutant that is able to assemble a functional Ysc system and express and secrete LcrV but lacks the genes for the six effector Yops. However, previously we were unable to demonstrate an inhib-itory effect of our protective anti-LcrV antibody on the delivery of Yops to HeLa cells (7), although we have verified that our anti-LcrV antibody can inhibit the delivery of Yops to J774A.1 cells (16) .
In this study, we examined the relationship between phagocytosis and the inhibition of Yop delivery, and our experiments led to the explanation for why we had not been able to demonstrate an effect of our antibody on Yop delivery to HeLa cells. The data support the surprising conclusion that antiLcrV antibody promotes phagocytosis with consequent inhibition of Yop production inside cells, rather than by directly blocking the delivery of Yops. Finally, we demonstrated that PMNs are the predominant mediator of protection by antiLcrV antibody against plague in mice.
MATERIALS AND METHODS
Bacteria and their cultivation. Y. pestis KIM5 (obtained from R. R. Brubaker, Michigan State University; KIM10 in his nomenclature) is virulent from an intravenous route of infection but not from peripheral routes, due to its chromosomal ⌬pgm mutation (28) . Some experiments measuring the invasion of mammalian cells used Y. pestis KIM5 or KIM5-MYM expressing green fluorescent protein (GFP) from a plasmid (4) . The latter strain lacks expression of all effector Yops due to in-frame deletions of their genes but otherwise has a normal type III secretion system and expresses and secretes the Yop delivery components, such as LcrV and YopD (16) . In Y. pestis KIM5-MYM, the pGFP plasmid, obtained from Brendan Cormack, expressed GFPmut3 (2a) . Y. pestis KIM5 expressed GFPmut3 weakly from a pTrc99A-based construct originally designed to fuse GFP to the C terminus of LcrV (pVGFP). However, Y. pestis KIM5 pVGFP did not express detectable LcrV-GFP fusion protein. Its expression and secretion of LcrV and Yops and its growth properties in vitro and in vivo in mice were identical to those of Y. pestis KIM5 (data not shown). Its weak fluorescence was sufficient for the purpose of our study. Yersiniae were grown for at least six generations at 26°C in exponential phase in heart infusion broth (Difco Laboratories, Detroit, MI) before being used to infect mammalian cells. They were washed once with phosphate-buffered saline (PBS; 135 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 ; pH 7.4) by centrifugation and diluted into warm RPMI 1640 containing HEPES and L-glutamine (RPMI 1640; Life Technologies, Grand Island, NY) at the final desired bacterial concentration. Then 1-ml amounts were centrifuged for 5 min at 200 ϫ g in wells of a six-well cluster dish, and the plates were incubated at 37°C in 5% CO 2 for 2 h. Anti-LcrV or anti-YopM antibody was added to the wells at a final concentration of 5 or 40 g/ml during the last 30 min of this incubation. In control tests, an anti-Yersinia antibody was used at 80 or 100 g/ml. At infection time, the yersiniae were recovered with vigorous pipetting to remove any bacteria adherent to the dishes. Yersiniae given this incubation for 2 h at 37°C in RPMI 1640 following pregrowth at 26°C (26/37°C pregrowth) have previously been shown to have LcrV on their surfaces (7) . Viable bacterial numbers recovered from infected tissue culture cells were determined as CFU counts after serially diluting the suspensions in PBS, plating them on tryptose blood agar plates (Difco Laboratories, Detroit, MI), and incubating the plates for 2 days at 30°C.
Preparation and infection of mammalian cells. Cultures of HeLa epithelioid cells or J774A.1 macrophage-like cells (ATCC, Manassas, VA) were initiated at 1 ϫ 10 5 cells per well in six-well cluster dishes containing 2 ml RPMI 1640 plus 10% fetal bovine serum (FBS) per well. Duplicate wells were allowed for each treatment/infection. When microscopic analysis was to be performed, the wells contained glass coverslips that could be removed individually, and two coverslips were allowed per treatment. The dishes were incubated at 37°C with 5% CO 2 for 2 to 3 days to achieve near confluence (5 ϫ 10 5 to 9 ϫ 10 5 cells per well) on the day of the experiment. Thirty minutes before infection, the medium was removed, and the cells were washed twice with warm PBS. In some experiments designed to test the effect of antibody on the delivery of Yops, the mammalian cells were pretreated with an Fc receptor-blocking agent to saturate Fc receptors. Three blocking protocols were used. In one, called HgG, 500 g/ml human gamma globulin (HgG; Sigma-Aldrich Chemical Co., St. Louis, MO) in RPMI 1640 without FBS was added to the cells 30 min prior to infection. Just before infection, the bacterial suspension containing anti-LcrV or anti-YopM antibodies was supplemented with HgG at 50 g/ml. Then the RPMI 1640-HgG on the mammalian cells was removed, and 2 ml of bacterial suspension was added per well. In the second blocking treatment, called FcBM, cells were pretreated for 30 min to as long as 1.25 h (with longer times giving more-reliable results) prior to infection with FcBlock (rat monoclonal anti-mouse CD16 and CD32 [Fc␥III and Fc␥II receptors] antibody 2.4G2; BD Biosciences-Pharmingen, San Diego, CA) at 10 g/ml plus 1% (wt/vol) bovine serum albumin (BSA) in RPMI 1640 (in a total volume of 400 to 500 l). Thirty minutes before infection, anti-LcrV or anti-YopM antibodies were added to the bacteria in RPMI 1640, along with mouse serum (MS; Sigma-Aldrich) at a final concentration of 1% (vol/vol). The MS was later found to be optional. At infection time, the RPMI 1640-FcBlock-BSA was removed from the mammalian cells, and the bacteria in RPMI 1640-MS-antibody were added. The third blocking protocol, called FMM, differed from FcBM only in that the mammalian cells were pretreated for 30 min to 1.25 h prior to infection with RPMI 1640 containing 10% (vol/vol) heat-inactivated FBS and 1% (vol/vol) MS. Unless otherwise indicated, the multiplicity of infection (MOI) was 10. Infection was initiated by centrifugation for 5 min at 200 ϫ g at room temperature, and then the plates were incubated 4 h for measurement of Yop delivery by immunoblotting. For assays of bacterial adherence or invasion of HeLa and J774A.1 cells, the cells were cultured and infected as described above, but no HgG was added.
Elicited PMNs were obtained by peritoneal lavage of 5-to 8-week-old female C57BL/6 mice with RPMI 1640 5 h after intraperitoneal injection of 5 ml of 1% glycogen. The lavage fluid (5 ml of RPMI 1640) was centrifuged at 4°C, and erythrocytes were lysed with 150 mM NH 4 Cl (pH 7.0) or a 15-s shock in water, followed by the addition of 10ϫ Hanks balanced salt solution. Antibodies and recombinant LcrV. The protective polyclonal rabbit anti-hexahistidine-tagged LcrV immunoglobulin G (IgG) (anti-LcrV antibody) and nonprotective polyclonal rabbit anti-YopM IgG were described previously and were purified by using protein A-conjugated beads as previously described (6, 13) . The concentration of antibody was determined by bicinchoninic acid protein assay (Pierce Chemical Co., Rockford, IL), and dilutions were made in PBS. Forty micrograms per milliliter was the concentration estimated to be present in mice receiving a protective 100-g dose of anti-LcrV antibody and was used in most of the experiments in this study.
Anti-Yersinia antibody had been raised in New Zealand White rabbits against whole cells of Y. pestis KIM6 (Y. pestis KIM5 lacking the LcrV-encoding virulence plasmid pCD1) grown at 26°C in heart infusion broth plus 0.2% xylose plus 1 mM MgCl 2 . The yersiniae were washed with PBS, and formalin was added to give a concentration of 0.1% (vol/vol). Sera that reacted with the immunogen in a precipitin test were pooled and concentrated by ammonium sulfate precipitation. Before use, the antibody was further purified on protein A-conjugated beads. During the study, it was discovered that this antibody preparation apparently had been contaminated with antibodies able to detect LcrV in an immunoblot assay. This reactivity was removed by passing the antibody over a column containing hexahistidine-tagged LcrV bound to Ni-nitrilotriacetic acid resin. The adsorption with LcrV did not detectably alter the effects of this antibody on the phagocytosis of Y. pestis KIM5 by J774A.1 cells or the delivery of Yops by Y. pestis KIM5 to J774A.1 cells.
F(abЈ) 2 fragments of anti-LcrV antibody were prepared by digestion with immobilized pepsin (Pierce Chemical Co., Rockford, IL). Briefly, anti-LcrV antibody was dialyzed at 4°C for 3 h in 20 mM sodium acetate buffer (pH 4.5), the pH was confirmed, and immobilized pepsin was added and incubated for 6 h at 37°C with shaking at 350 rpm. The pepsin beads were removed, and the pH was adjusted with binding buffer for protein A purification (0.1% disodium EDTA, pH 8.0). The F(abЈ) 2 fragments were purified from undigested IgG and also from Fc fragments on a protein A column (Pierce). The F(abЈ) 2 fragment was dialyzed against PBS overnight at 4°C. To concentrate the preparation further and achieve more-complete elimination of Fc fragments, the F(abЈ) 2 fragments were concentrated with a Centricon YM-30 (Millipore Corp., Billerica, MA). The purity of the final preparation of F(abЈ) 2 fragments was assessed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, staining with Coomassie brilliant blue, and immunoblotting with detection with horseradish peroxidase-conjugated goat anti-rabbit IgG-Fc (Bethyl, Inc., Montgomery, TX) followed by enhanced chemiluminescence (SuperSignal West Pico chemiluminescence substrate from Pierce). Their functionality was demonstrated in an immunoblot in which hexahistidine-tagged LcrV on the blot was probed with F(abЈ) 2 fragments or full-length anti-LcrV antibody, detected with alkalinephosphatase-conjugated goat anti-rabbit IgG heavy plus light chains (Bethyl), and developed with Nitro Blue Tetrazolium -BCIP (5-bromo-4-chloro-3-indolylphosphate) (Sigma-Aldrich).
Assays for Yop delivery. Yop delivery during infection of cells in culture was measured by detecting the Yops directly in the mammalian cell cytosol by immunoblotting or indirectly through cytotoxicity (retracting of cellular processes and rounding up due to the combined effects of YopH, YopE, and YopT and YpkA). For immunoblot assays, one of two replicate wells received 1 ml of 300-g/ml trypsin (giving a 100-g/ml final concentration), and then both wells received a protease inhibitor, such as Pefabloc (Boehringer Mannheim, Indianapolis, IN) at 900 g/ml, or a mixture of 30 g/ml each (final concentration) of Pefabloc, aprotinin, and leupeptin (Boehringer Mannheim). Then, as previously described (6), medium and soluble cytoplasmic and debris fractions were obtained in the presence of protease inhibitors. The debris containing yersiniae, membranes, and large organelles was discarded. Other fractions were trichloroacetic acid precipitated, and equivalent amounts were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis with 12% (wt/vol) acrylamide, transferred to Immobilon P (Millipore Inc., Billerica, MA), probed with a mouse anti-YopH antibody and a rabbit antibody to YopE, and detected with alkalinephosphatase-conjugated goat anti-mouse IgG or goat anti-rabbit IgG as previously described (6) . In a modification of this assay with J774 cells only, the cells were infected and washed as described above, but after 30 min, the medium was replaced with one of the following: RPMI 1640 containing gentamicin (Gm) at 7.5 g/ml to inhibit Yop synthesis in extracellular yersiniae; RPMI 1640 containing a mixture of Gm (500 g/ml), streptomycin (500 g/ml), and ofloxacin (200 g/ml) to kill all yersiniae; or RPMI 1640 with no additions. After 1 h, the cells were washed, overlaid with fresh RPMI 1640 containing antibodies as described previously, and incubated an additional 2.5 h (for a total of 4 h) before being lysed and analyzed as described earlier. Previous tests had shown that treatment with the antibiotic mixture in the identical cell infection configuration reduces viable numbers of Y. pestis organisms by more than 5 orders of magnitude. In a second protocol, the J774 cells were pretreated for 30 min with cytochalasin D in amounts ranging from 0.5 M to 2.5 M (Sigma-Aldrich), and the drug was present throughout the subsequent 3-h infection. Cytochalasin D (2.5 M) was shown to inhibit phagocytosis of opsonized fluorescein isothiocyanate-labeled zymosan particles (Molecular Probes) by 100% (data not shown).
Cytotoxicity was assessed by cellular morphology in phase-contrast micrographic images. Images were obtained with a Nikon Eclipse E800 microscope fitted with a Plan Fluor Phase 100ϫ objective (Nikon USA via Fryer Co., Inc., Cincinnati, OH) and a Photometrics CoolSNAP cf charge-coupled device camera (Image Processing, Inc., North Reading, MA). Images were acquired and processed by using MetaMorph software (Universal Imaging Corp., Downingtown, PA).
Adherence and phagocytosis/invasion assays. Adherence was determined as previously described (4) at 15 min after infection of triplicate wells per antibody treatment (anti-LcrV or anti-YopM). Briefly, after the 15-min incubation in the CO 2 incubator, the infected cells were washed three times with PBS and then subjected to water lysis. The recovered yersiniae were enumerated as CFU. Percent adherence was calculated as the number of cell-associated CFU divided by the number of input CFU times 100%.
Two methods were used to measure invasion or phagocytosis. For Gm protection assays, two sets of triplicate wells per antibody treatment were infected at an MOI of 3. After 15 min at 37°C with 5% CO 2 , the cells were washed three times with PBS, covered with fresh RPMI 1640 plus anti-LcrV or anti-YopM antibody, and returned to the CO 2 incubator. After 1 h, the RPMI 1640 plus antibody for one set was replaced with RPMI 1640 plus 7.5 g/ml Gm, and the incubation was continued for 1 h. Then both sets of wells were washed three times with PBS and subjected to water lysis and enumeration of CFU. Percent invasion was calculated as the number of cell-associated CFU in the presence of Gm divided by the number of CFU in the absence of Gm times 100%.
To measure invasion by microscopy, Y. pestis KIM5 pVGFP was used for infection as described above, where the mammalian cells were seeded in six-well cluster dishes containing coverslips. After 1 h of incubation at 37°C in a CO 2 incubator, the coverslips were removed and the cells were fixed for 30 min at room temperature with 2% paraformaldehyde (pH 7.4) in PBS. An alternate protocol employed J774A.1 cells grown in suspension in six-well dishes coated with 1% agarose and assayed in microcentrifuge tubes. Solution changes were made by centrifugation. Freshly isolated PMNs also were tested for phagocytosis in microcentrifuge tubes. In both protocols, the fixed but nonpermeabilized cells were treated with an anti-Yersinia antibody and then a Texas Red-labeled goat anti-rabbit IgG (Molecular Probes) to specifically label surface-bound yersiniae. The cells from assays done in suspension were deposited onto slides in a cytocentrifuge (Shandon Cytospin 3; Thermo Electric Corp.). The coverslips or cytospin slides were mounted in Vectashield (Vector Laboratories, Inc., Burlingame, CA) and evaluated in a Zeiss Axiophot microscope (Carl Zeiss, Inc., Batavia, IL) for intracellular (green due to GFP alone) or extracellular (red due to Texas Red at 630 nm) yersiniae. Images were captured using a Spot digital camera (Diagnostic Instruments, Inc., Sterling Heights, MI) and managed using KS 400 Imaging System release 3.0 software.
Indirect immunofluorescence of J774 cells treated with anti-LcrV and antiYopM antibody. J774A.1 cells were seeded in six-well cluster dishes as described above. They were washed twice with PBS and then overlaid with ice-cold RPMI 1640 on ice for 5 min. They were then treated with the FcBM or FMM blocking solution for 30 min on ice. After being blocked, the cells were washed once with ice-cold PBS. The cells were then covered with anti-LcrV or anti-YopM antibody at 40 g/ml in ice-cold PBS containing 1% mouse serum for 30 min on ice. They were washed twice with ice-cold PBS and then treated for 30 min on ice with Oregon Green 488-conjugated goat anti-rabbit heavy-plus-light-chain IgG (Molecular Probes) in PBS. They were then fixed with 2% paraformaldehyde at room temperature for 30 min, washed with PBS, and examined microscopically as described above for invasion. Fluorescence was analyzed at 515 to 555 nm (fluorescein isothiocyanate filter).
Ablation of PMNs and infection of mice. The anti-mouse monoclonal 1A8 antibody selectively binds to the Ly-6G protein, expressed on the surfaces of circulating neutrophils (PMNs), but not monocytes, lymphoids, or erythroid cells. For ablation of PMNs, we treated mice with 250 g of rat anti-mouse Ly-6G monoclonal antibody (BD Biosciences) 24 h before infection. Rat IgG (SigmaAldrich) was injected at the same time and in the same amount into control mice. Six hours later, the mice received anti-LcrV or anti-YopM antibody. At 24 h after the ablation of PMNs, we infected mice with Y. pestis KIM5. Viable bacterial numbers in liver and spleen were measured after 48 and 72 h. To confirm the PMN ablation condition during the experiment, we collected blood and bone marrow from mice subjected and not subjected to ablation and detected the levels of PMNs (Ly-6G-positive cells) and monocytes and macrophages (detected with allophycocyanin-conjugated anti-mouse F4/80 from eBioscience, San Diego, CA) after 24 h and 48 h by fluorescence-activated cell sorting.
Statistics. All experiments were done at least twice. Significance of differences was evaluated by an unpaired two-tailed Student t test. (29), and we recently corroborated their findings with Y. pestis KIM5 (16). However, we had previously been unable to demonstrate an inhibitory effect of our protective anti-LcrV antibody on the delivery of Yops to HeLa cells (7) . We revisited the question of whether anti-LcrV antibody could inhibit the delivery of Yops to HeLa cells. Our protective anti-LcrV antibody failed to inhibit Yop delivery to HeLa cells, but in tests run in parallel with J774A.1 cells, some inhibition was clearly seen when anti-LcrV antibody was present, compared to results from cultures containing the nonprotective anti-YopM antibody (Fig. 1) . There also was little if (14) . These data showed that the same experiment performed with the two cell types gave different findings. (25) . Like FMM, the HgG blocking protocol has no effect on the ability of anti-LcrV antibody to inhibit Yop delivery to J774A.1 cells (Fig. 1) . However, perhaps HeLa cells have a lower density of Fc receptors than do J774A.1 cells, and milder blocking procedures might be effective for HeLa cells. To test this idea, we infected HeLa cells treated with no blocker or subjected to the HgG protocol and examined them microscopically for retracting and rounding up as evidence of "cytotoxicity" due to the delivery of Yops. This is a highly sensitive assay, and we used it to allow direct comparison with the study results of Pettersson et al., where anti-LcrV antibody was found to partially block cytotoxicity in HeLa cells infected by Y. pseudotuberculosis (15) . As in that study, we used an MOI of 2 and monitored cytotoxicity at hourly intervals. At 2 to 3 h after infection, we saw a picture similar to Fig. 1 of Pettersson et al. (15) , where HeLa cells not given any blocking treatment, but treated with anti-LcrV antibody, showed less cytotoxicity than ones treated with HgG (Fig. 4) . Cells treated with anti-YopM antibody were equally cytotoxic, whether or not HgG was present, and resembled cells treated with HgG and anti-LcrV antibody. After 4 h of infection, all cells were cytotoxic. This experiment resolved the conflict in the literature by showing that if no Fc-blocking treatment is given, anti-LcrV antibody can delay the onset of Yop-mediated cytotoxicity in HeLa cells infected with Y. pestis KIM5. However, there remained the intriguing finding that the ability of anti-LcrV antibody to inhibit Yop delivery and cytotoxicity appeared to depend on the ability of the antibody to bind to the mammalian Fc receptor.
RESULTS

Anti-LcrV antibody partially inhibits
Anti-LcrV antibody does not alter the amount of adherence of Y. pestis KIM5 to HeLa and J774A.1 cells. Intimate contact is necessary for delivery of proteins through type III secretion mechanisms. One possible way that antibody against LcrV could inhibit Yop delivery to J774A.1 cells would be by decreasing the number of bacteria that stably adhered to the cells. We tested whether 40 g/ml anti-LcrV affected the cell association of Y. pestis KIM5 with J774A.1 cells more than did anti-YopM, which does not bind to the bacterial surface (data not shown). The combined results of 11 experiments on different days were that 33% (Ϯ3%) and 31% (Ϯ11%) of the input bacteria became cell associated for bacteria pretreated with anti-LcrV and anti-YopM antibody, respectively. Accordingly, anti-LcrV did not significantly alter the adherence of the bacteria, consistent with the findings of others for their antiLcrV antibodies and strains of Y. pestis (29) and Y. enterocolitica (19) . One similar experiment with HeLa cells also showed no difference in bacterial adherence in the presence of antiLcrV from that with anti-YopM antibody. Accordingly, although these experiments did not rule on whether the adherence varied in efficacy for the delivery of Yops, they did show that bacterial adherence per se was not the mechanism through which anti-LcrV antibody inhibited Yop delivery when Fc receptors were not blocked.
Anti-LcrV antibody promotes the phagocytosis of Y. pestis KIM5. Rosqvist et al. had shown that Y. pestis EV76, made to efficiently enter HeLa cells, failed to produce Yops (20) . Accordingly, another way that anti-LcrV antibody might affect Yop delivery to J774A.1 cells is through affecting uptake of the bacteria by the cells. We tested this idea by Gm protection 
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PHAGOCYTIC PROTECTIVE MECHANISM OF ANTI-LcrV ANTIBODY 6131 assay in J774A.1 cells but found no effect of anti-LcrV antibody: in five experiments on different days, 157% (Ϯ44%) (anti-LcrV present) and 140% (Ϯ78%) (anti-YopM present) of the yersiniae survived the treatment with Gm. Taken at face value, the data indicated that all of the yersiniae were intracellular, regardless of which antibody was present. This result was unexpected and prompted us to seek confirmation by a different assay for invasion, a double-fluorescent-labeling technique analogous to the one used by Weeks et al. (29) but taking advantage of the fluorescence from GFP in Y. pestis KIM5 pVGFP. This assay gave a different picture: consistent with the findings of Weeks et al. with Y. pestis CO92, we found that for infected J774A.1 cells, 30 to 35% of yersiniae were intracellular in the presence of the nonprotective anti-YopM antibody (or no antibody) and 65 to 70% were extracellular (Fig. 5) . When anti-LcrV antibody was present, 85 to 95% of the bacteria were intracellular. In contrast, Gm protection assays performed in parallel showed no killing of extracellular bacteria (e.g., 116% or 114% of cell-associated yersiniae were "protected" from Gm when anti-LcrV or anti-YopM, respectively, was present in one such experiment), even though the concentration of Gm used had been demonstrated to reduce viable numbers by more than 3 orders of magnitude under the same conditions but lacking J774A. After 30 min to allow internalization of yersiniae, one culture was treated with Gm, one was given a mixture of Gm, streptomycin, and ofloxacin at high concentrations, and one did not receive any antibiotics. After 1 h, the antibiotics were replaced by fresh medium with antibody, and the incubation was continued for 2.5 h, for a total of 4 h (commonly used in assays for the delivery of Yops). The antibiotic mixture was designed to kill all yersiniae in the culture and has been shown to kill essentially 100% of yersiniae in infection assays within 15 min (data not shown). The only Yops that would be delivered to J774A.1 cells in this culture would be those delivered within the first 30 to 45 min. The Gm treatment was provided to inhibit Yop synthesis by extracellular, but not intracellular, yersiniae. In this case, we were not depending on the ability of Gm to kill the yersiniae, and a control test showed that Gm added immediately after the addition of bacteria to J774A.1 cells would abolish essentially all YopH delivery to J774A.1 cells (data not shown). Prior to drug treatment, the yersiniae in the culture with Gm would deliver the same amount of Yops as those in the culture with the bactericidal antibiotic mixture; there would then be 3.5 h of incubation in which any live intracellular yersiniae could deliver Yops. The culture without antibiotics provided a reference for the amount of Yops that would be delivered by non-antibiotic-treated yersiniae, both extracellular and intracellular, in the entire 4 h. Figure 6 shows that the same amount of YopH was delivered in the culture that received Gm as in the counterpart that received the bactericidal mixture for all three antibody treatment groups, and this was significantly less than that in J774A.1 cells infected in the absence of antibiotics. This finding indicated that no detectable delivery of Yops occurred after the first 30 to 45 min of infection, even in cultures where at least 30% of the yersiniae were intracellular (Fig. 5) . Significantly, there was much less YopH delivered in the cultures treated with antibiotics when anti-LcrV was present than when anti-YopM or no antibody was present, and there was no difference between the two antibiotic treatments. Accordingly, even though anti-LcrV causes most of the yersiniae to become intracellular, where they should be protected from Gm inhibition of protein synthesis, these yersiniae did not deliver more Yops than did yersiniae that were killed after 30 min. These results argue that Y. pestis KIM5 does not deliver Yops from within J774A.1 cells, in full agreement with findings for Y. pestis EV76 within HeLa cells (see reference [20] and Discussion).
Anti-LcrV antibody does not inhibit the delivery of Yops by extracellular yersiniae in the presence of cytochalasin D. We next asked whether the decreased delivery of Yops to J774A.1 cells was direct or indirect; i.e., does anti-LcrV antibody prevent Yop delivery and then the yersiniae are vulnerable to phagocytosis, or does anti-LcrV antibody promote phagocytosis, and the resulting intracellular yersiniae then fail to produce Yops? To test whether anti-LcrV antibody can directly block Ab) . After 30 min, one culture of each group received Gm, one received a mixture of antibiotics at high concentration (Mix), and one was not treated with any antibiotics (NT). The molecular weight (mw) of the prestained marker shown was 47,500; an extract from a noninfected J774A.1 culture (NI) also was included. After 1 h, the cells were washed and given fresh medium lacking any antibiotics but containing antibodies as described above, and incubation was continued for an additional 2.5 h. The cytoplasmic fraction of the J774A.1 cells was recovered and analyzed for YopH by immunoblotting.
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Yop delivery, we determined whether anti-LcrV antibody would inhibit Yop delivery by J774A.1 cells that were unable to phagocytose due to disruption of their actin microfilaments with cytochalasin D. Figure 7 shows that the inhibitory effect of anti-LcrV antibody on the delivery of YopH and YopE to the J774A.1 soluble cellular fraction was progressively abolished as the concentration of cytochalasin D increased. This showed that functional actin is necessary for anti-LcrV to block the delivery of Yops and suggests that anti-LcrV antibody acts by promoting phagocytosis, with inhibition of Yop delivery occurring secondarily. F(ab) 2 fragments of anti-LcrV antibody do not promote the phagocytosis of Y. pestis KIM5. If anti-LcrV antibody directly promoted phagocytosis, one way this could occur would be that antibody clustered on LcrV at the bacterial surface engages receptors by its Fc domain and triggers bacterial uptake. Accordingly, we tested whether F(abЈ) 2 fragments of anti-LcrV antibody would promote the phagocytosis of Y. pestis. These were generated by cleavage of anti-LcrV antibody by pepsin, which results in dimeric antigen-binding sites lacking the Fc domain. If antibody worked by directly blocking LcrV's function in Yop delivery, F(abЈ) 2 fragments would still be expected to be effective. Figure 5B shows that whereas the full-length anti-LcrV antibody promoted phagocytosis, the F(abЈ) 2 antiLcrV fragment had little effect. We know that the F(abЈ) 2 fragments were functional, because they were as effective as full-length anti-LcrV antibody in binding hexahistidine-tagged LcrV as demonstrated in immunoblots and in neutralizing the IL-10-eliciting effect of LcrV (data not shown and A. V. Philipovskiy and S. C. Straley, unpublished data). These data showed that the Fc region of anti-LcrV antibody was crucial for promoting phagocytosis, in agreement with findings by Weeks et al. (29) .
Based on these findings, we hypothesized that any antibody that could promote phagocytosis would cause decreased delivery of Yops. We tested this idea by carrying out the phagocytosis and Yop delivery assays in the presence of 80 or 100 g/ml anti-Yersinia antibody, which we previously showed binds evenly over the surface of 26/37°C-grown Y. pestis KIM5 (7). Anti-Yersinia antibody did reduce the delivery of YopE and YopH (Fig. 8) as well as delay cellular rounding (data not shown), though never as effectively as did anti-LcrV antibody. Correspondingly, anti-Yersinia antibody weakly promoted phagocytosis (64% Ϯ 12% of yersiniae were intracellular, based on three experiments). These results show that reduction of Yop delivery can occur as a consequence of opsonization by an antibody other than anti-LcrV.
PMNs are major mediators of protection by anti-LcrV antibody. The findings in this study indicated that promotion of phagocytosis may be an important way that anti-LcrV antibody protects against plague and point to a major role of phagocytic cells as mediators of protection. In a previous study, we found that macrophages contribute to the control of bacterial numbers in the liver but are dispensable or redundant in the spleen (16) . We proposed that another cell type is the major mediator of protection and that a likely candidate is the PMN. To test this idea, we evaluated protection in mice depleted of PMNs by treatment with anti-Gr-1 (Ly-6G) antibody (Fig. 9) . These mice were not significantly depleted for macrophages or other leukocytes (data not shown). Mice depleted of PMNs were unable to control Y. pestis numbers in either the liver or spleen, despite the presence of anti-LcrV antibody. This finding showed that PMNs are critical for protection against plague by anti-LcrV antibody.
Accordingly, it was important to know whether anti-LcrV antibody promotes phagocytosis in PMNs. Figure 10 shows that it did. Interestingly, in the absence of antibody, the yersiniae were almost all (90 to 95%) extracellular, indicating that the antiphagocytic properties of 26/37°C-grown Y. pestis are highly effective against mouse PMNs. Anti-LcrV antibody caused 55% of the yersiniae to be phagocytosed.
DISCUSSION
This work was part of an ongoing effort in our laboratory to improve our understanding of LcrV activities in the pathogenesis of Y. pestis and clarify how antibody against it protects against plague. This predominantly in vitro study was initiated to resolve conflicts in the literature concerning anti-LcrV antibody's ability to inhibit the delivery of Yops to HeLa cells. Our experiments with J774A.1 cells provided a critical insight Fig. 1 and 5) . A critical finding was that the cells had to be able to phagocytose for anti-LcrV antibody to inhibit Yop delivery (Fig. 7) . Moreover, intracellular Y. pestis KIM5 apparently does not produce Yops (Fig. 6 ), in agreement with the results of the experiment by Rosqvist et al. (20) , in which Y. pestis EV76 was made to be mostly localized within HeLa cells, due to expression of invasin, or at the surfaces, due to expression of YadA. It was important for us to make a test with J774A.1 cells and Y. pestis KIM5, because Y. pestis KIM5, associated with human macrophages, was previously shown to exhibit strong yop gene expression (17) , in seeming conflict with later findings for EV76 and HeLa cells. That earlier study was made before contact activation of type III secretion had been discovered and before it was appreciated that Yops were delivered into host cells, with resulting inhibition of phagocytosis. The yersiniae in that study had been grown at 37°C in the presence of calcium, and those that bound to the macrophages would have been primed for rapid Yop delivery and subsequent induction of yop gene expression and very likely were mostly extracellularly located. We do not yet know what causes the shutdown of Yop production upon phagocytosis. Some of the bacteria may be killed, especially by PMNs; however, in J774A.1 cells, all of the bacteria remain viable throughout the assay, even when they are mostly intracellular (as found in the Gm protection tests). This is an important question for future study, because it has implications for the regulation of Ysc and for the cell biology of any intracellular phase of Y. pestis infection. However, for the purpose of this study, this finding coupled with the requirement of actin function in the host cell for inhibition of Yop delivery led to the conclusion that anti-LcrV antibody likely directly causes phagocytosis, which then inhibits Yop production and delivery, instead of the other way around. Meanwhile, we had found that blocking conditions affected whether anti-LcrV antibody could inhibit Yop delivery to J774 cells. We had been using mild blocking agents such as 1% MS or 50 g/ml HgG to prevent non-LcrV interactions of antiLcrV antibody with the J774A.1 cells, and these had little effect on Yop delivery or the ability of anti-LcrV antibody to inhibit Yop delivery to these cells. However, stronger blocking conditions typically used for immunofluorescence did interfere with the effect of anti-LcrV if they were effective in preventing binding of the antibody to the cells (Fig. 2 and 3) . Coupled with the indication that anti-LcrV antibody may directly promote phagocytosis, this finding prompted the test of whether the Fc portion of the antibody was essential for anti-LcrV antibody to promote phagocytosis. F(abЈ) 2 fragments of anti-LcrV antibody were unable to promote phagocytosis of the yersiniae, implicating a role for the Fc portion of the antibody in the mechanism whereby anti-LcrV antibody inhibits Yop delivery. This finding is in agreement with one by Weeks et al. (29) , namely, that F(abЈ) 2 fragments of their rabbit polyclonal antiLcrV antibody were ineffective at promoting the phagocytosis of Y. pestis CO92 by J774A.1 cells.
These experiments led to clarification of why we had previously been unable to demonstrate an effect of anti-LcrV antibody on Yop delivery to HeLa cells (see reference 7 and Fig.  1 ), in contrast to the findings by Pettersson et al. (15) . We had been using HgG during our infection experiments, whereas FIG. 9 . PMNs are essential for early protection by anti-LcrV antibody. C57BL/6 mice were given the anti-Ly-6G monoclonal antibody 1A8 at Ϫ18 h and on days 1 and 2 postinfection to ablate PMNs. Groups of these mice and of control mice whose PMNs were not ablated were also treated with a protective 100-g dose of anti-LcrV antibody at Ϫ18 h. Additional control C57BL/6 mice were given a mock treatment with PBS at this time. All mice were infected retroorbitally (intravenously) on day 0 with 3 ϫ 10 4 Y. pestis KIM5 organisms. Groups of three mice per treatment were analyzed for CFU counts in the liver and spleen on days 2 and 3 postinfection. Open bars, control mice given anti-LcrV antibody; filled bars, control mice given PBS; light-grey bars, PMN-depleted mice given anti-LcrV antibody; dark-grey bars, PMN-depleted mice given PBS. Error bars indicate Ϯ1 SD from the mean. PMN-depleted mice given PBS died before the 72-h point ( †). Viable numbers in PMN-depleted mice given anti-LcrV antibody differed significantly from those in control mice given antiLcrV antibody at P values of Ͻ0. (Fig. 4) , as had Pettersson et al. This likely reflects the relatively weak phagocytosis of yersiniae by HeLa cells compared to that by J774A.1 cells. In HeLa cells, a small fraction of the yersiniae would be engulfed, resulting in a small diminution of Yop delivery, detectable most easily by a sensitive assay such as one detecting a delay in the development of cytotoxicity (Fig. 4 ). An implication of these results is that anti-LcrV antibody may not block the delivery of Yops and hence the effects of Yops in all cells that may come in contact with Y. pestis in vivo. The requirement that the Fc portion of anti-LcrV antibody be present for phagocytosis to be promoted implicates the Fc receptor of phagocytes in the inhibition of Yop delivery, as noted by Weeks et al. (29) . However, our adherence studies, consistent with the findings of other groups (19, 29) , failed to indicate a role of anti-LcrV antibody in mediating the adherence of the bacteria, despite the fact that the yersiniae had been grown so as to express LcrV on their surfaces (7). Y. pestis is able to adhere to many cell types and likely has multiple adhesins that dominate small effects of opsonization by antiLcrV antibody through the small amount of surface LcrV. We hypothesize that the Fc receptors play a signaling role that coordinates with signaling due to clustering of receptors by Y. pestis adhesins to overcome the local effects of small amounts of Yops that are delivered instantly upon bacterial contact. Such an effect would require antibody bound to the bacterial surface, and indeed, anti-YopM antibody, which does not bind to nonpermeabilized Y. pestis, did not promote phagocytosis. However, anti-Yersinia antibody, which does bind to the Y. pestis surface, only weakly promoted phagocytosis and the consequent reduction of Yop delivery to J774A.1 cells. In the study by Weeks et al. (29) , a similar polyclonal anti-Yersinia antibody preparation also gave only a partial enhancement of the phagocytosis of Y. pestis CO92(P) by J774A.1 cells, but the effect of this antibody on the delivery of Yops was not reported. It is likely that the extent to which an antibody against a Yersinia surface component promotes phagocytosis depends on the balance of multiple factors, as analyzed for invasin (10) . For example, the anti-LcrV and anti-Yersinia antibodies in our study are distributed differently on the bacterial surface, with anti-LcrV being punctate and anti-Yersinia being diffusely distributed; perhaps this affects the strength of prophagocytic signaling. In a previous study, opsonization of Y. pseudotuberculosis with an anti-Yersinia antibody did not promote phagocytosis by J774A.1 cells (5). However, the antibody did promote the phagocytosis of a strain lacking both invasin and the virulence plasmid that encodes the Yops and type III secretion system, and it caused decreased phagocytosis of an invasin mutant that contained the virulence plasmid. We speculate that the anti-Yersinia antibody in that study was able to promote both adherence and phagocytosis when Yops were absent but did not signal strongly enough to overcome effects of Yops, and indeed, increased adherence could have caused greater delivery of Yops (and consequently stronger antiphagocytosis) by the plasmid-containing strain. Analogously, YadA expressed by Y. pestis EV76 promoted surface localization of the bacteria on HeLa cells and strong expression of Yops, whereas uptake of Y. pestis mediated by invasin resulted in weak Yop expression (20) . However, further study is needed before concluding that phagocytosis by any means results in the inhibition of Yop expression and delivery.
Recently we reported the unexpected finding that, in studies of systemic plague, anti-LcrV antibody has little if any effect on viable yersinia numbers in organs during the first 6 h of infection (16) . In that study, Y. pestis KIM5 had been grown as in the present study, so as to have LcrV but no F1 capsule on the surface. The yersiniae, injected intravenously, mainly seeded the liver and spleen. Once there, Yops were crucial for bacterial growth, and anti-LcrV antibody acted to prevent an increase in viable yersinia numbers and to promote clearance. Macrophages and dendritic cells are cells that are likely to encounter the yersiniae when they first arrive in liver and spleen, but these cells were not major mediators of protection by anti-LcrV antibody (16) . They may be responsible for some bacterial killing, notably in the liver, but they also could be niches for the protected intracellular growth of the yersiniae. The present study demonstrated that PMNs are major mediators of protection by anti-LcrV antibody. These cells are expected to migrate into infected organs within hours of seeding by the yersiniae and have been shown to accumulate in foci of acute inflammation, at least by 12 h after infection of mice (e.g., reference 24). We hypothesize that PMNs stimulated by the inflammatory milieu are able to phagocytose and kill both free yersiniae and yersiniae as they are released from any intracellular niche and that anti-LcrV antibody contributes to bacterial clearance by promoting phagocytosis. This keeps bacterial numbers low and may prevent the accumulation of secreted LcrV. Antibody may also neutralize the immunosuppressive effects of the free LcrV, but this effect appears not to be the dominant protective mechanism of anti-LcrV antibody, if direct control over bacterial numbers also indirectly limits the amount of LcrV released (16) . It remains to be determined if neutralization of LcrV's immunosuppressive effect is important in a situation where bacterial numbers are higher, such as in postexposure prophylaxis.
In summary, our findings support the new hypothesis that anti-LcrV antibody inhibits the delivery of Yops to mammalian cells by directly promoting phagocytosis, with a consequent inhibition of Yop production. The data implicate the Fc portion of anti-LcrV antibody as a direct participant in this process and hence as essential for protection. This study also demonstrated that PMNs are major mediators of protection by antiLcrV antibody. Coupled with previous data demonstrating the importance of the inhibition of Yop effects in vivo (16) , the findings in this study support the hypothesis that a major protective mechanism of anti-LcrV antibody is to inhibit Yop production by promoting phagocytosis by PMNs.
